Although the number of marine protected areas (MPAs) for stock management has increased, movements or differences in population structure of a target species between an MPA and surrounding fishing areas have rarely been considered in stock biomass estimations. We developed a surplus production model considering seasonal movements between two areas; the model was applied to Sea Ravens Hemitripterus villosus off Fukushima, where almost all fishing has been prohibited since the 2011 accident at the Fukushima Dai-ichi Nuclear Power Plant. We predicted future biomass by using CPUE data from coastal gill-net fishing and offshore bottom trawl fishing in 2000 to 2009. The model reflected the seasonal coastal-offshore movements of Sea Ravens well, and it predicted increasing Sea Raven biomass in both areas, which was validated by the CPUEs observed after 2010-including those for trial bottom trawl fishing that occurred within limited offshore areas after the accident. Our results indicate that the newly developed model incorporating seasonal movements of Sea Ravens is feasible and that the waters off Fukushima have effectively been Subject editor: Anne Hollowed,
serving as an MPA since the nuclear accident. We also demonstrated the model's applicability for estimating the optimal fishing effort and designing a new MPA for stock management that considers seasonal movements.
Spatially based effort management, such as no-take areas or rotating closures, has been widely recognized as a feasible stock management method for conserving biodiversity, ecosystem services, habitats, and endangered species as well as for increasing biomass (Agardy 1994; Allison et al. 1998; Jones 2001; Halpern and Warner 2002; Field et al. 2006; Lester et al. 2009 ). Marine protected areas (MPAs) are one of the management methods currently used. They are defined as areas with legal boundaries in which fishing is prohibited for all or a subset of a species, or where particular fishing gears are disallowed with some degree of permanence (Field et al. 2006) . In line with global targets agreed upon by the Convention on Biological Diversity, the number of MPAs is increasing rapidly (Edgar et al. 2014) .
Virtual population analysis and surplus production models have been widely used to assess fish abundance (Hilborn and Walters 1992; Coggins et al. 2006) . In general, these models assume that the assessed population has a high diffusivity, which means that the effects of local recruitment events and regional fisheries spread rapidly throughout the entire stock (Field et al. 2006) . However, the establishment of an MPA is expected to generate heterogeneous patterns of abundance, age structure, and size structure inside and outside of the MPA, especially in less-migratory species with strong local retention mechanisms (Gu enette et al. 1998; Holland 2002; Punt and Methot 2004; Hart 2006) . Consequently, the development of stock assessment models that can incorporate spatial differences in population structure and movement patterns in waters within and outside of MPAs may be necessary in some special cases (Field et al. 2006) .
Recently, a spatially explicit age-structured model and a spatially explicit surplus production model were developed to address fish movement between MPAs and the surrounding fishing areas (Punt and Methot 2004; Pincin and Wilberg 2012) . These studies indicated that the relative error in estimated biomass increased if the data were combined across MPAs and fishing areas (i.e., heterogeneity among areas was not considered). However, the negative impact on estimates was relatively low when differences in population structure due to fish movements were accounted for in the assessment. Spatially explicit age-structured models require age data, and they are usually applied in data-moderate to data-rich situations (Punt and Methot 2004) . In the case of spatially explicit surplus production models, movement between an MPA and fishing areas is only based on a single, fixed movement parameter through time. This type of model is well suited for a datapoor situation in which only CPUE data are available.
We attempted to develop a spatially explicit surplus production model and apply it to a local population of Sea Ravens Hemitripterus villosus in the waters off Fukushima, Japan, where almost all fishing (except for offshore purse-seine and stick-held dip-net fishing) has been practically banned since the Great East Japan Earthquake and tsunami and the subsequent accident at the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) in March 2011 (Wada et al. 2013) .
In June 2012, trial fishing operations (bottom trawl only) commenced in a limited area offshore (depth > 150 m) of northern Fukushima (Wada et al. 2013) . Since then, the target areas for trial bottom trawl fishing have been expanded southward ( Figure 1 ; Table 1 ). However, as of December 2014, a shallow coastal area has still not been opened to fishing. Some FIGURE 1. Trial fishing area off Fukushima, Japan. Numbers in shaded areas show the order of opening dates for trial fishing (see Table 1 ); numbers above the dotted lines indicate depth. The black circle shows the location of the Fukushima Dai-ichi Nuclear Power Plant. Cs) concentrations above the Japanese standard limit for foodstuffs (100 becquerels/kg wet weight). The total effort of the trial bottom trawl fishing operations in 2012 was estimated to be about 2.5% of the mean total effort that occurred from 2007 to 2009 (Yamada et al. 2014) . This suggests that the waters off Fukushima have effectively acted as an MPA since the FDNPP accident.
The aim of this study was to develop a new surplus production model considering seasonal movements and different fishing pressures between two areas: the no-take area and the limited fishing area off Fukushima. The model was applied to Sea Raven populations off Fukushima by using CPUEs from 2000 to 2009 and was also used to predict the future biomass of Sea Ravens. We chose the Sea Raven as a suitable candidate because previous studies have reported that they exhibit clear seasonal movements from coastal to offshore areas in association with their reproductive cycles (Munehara 1996; Antonenko et al. 2010) . The feasibility of the model was evaluated by comparing the predicted and observed CPUEs before (i.e., January 2010-March 2011) and after (i.e., September-October 2012) the nuclear accident at FDNPP based on data that were not included in the estimation step. Results of the model were used to evaluate whether the waters off Fukushima have been effectively serving as an MPA since the accident. We also demonstrate the model's applicability for estimating the optimum fishing effort and for designing a new MPA based on consideration of seasonal movements.
METHODS
Study area.-The waters off Fukushima, where the cold Oyashio Current meets the warm Kuroshio Current (Shimizu et al. 2001) , constitute a fertile fishing area. Many commercially important demersal fish stocks (e.g., Pacific Cod Gadus macrocephalus, Barfin Flounder Verasper moseri, Willowy Flounder Tanakius kitaharai, and Spotted Halibut Verasper variegatus) are distributed in this region and display some degree of seasonal movements between coastal and offshore areas (Narimatsu 2006; Narimatsu et al. 2007; Wada et al. 2012; Kayaba et al. 2014) . Demersal fishes off Fukushima were fished by various commercial methods, such as gill-net fishing and bottom trawl fishing, prior to the FDNPP accident.
At the instruction of the Fukushima Prefectural Government, the Fukushima Fisheries Experimental Station has conducted monitoring surveys for radioactive iodine ( 131 I) and Cs concentrations in Fukushima's marine products since April 7, 2011 (Wada et al. 2013 ). Whether or not fish can be landed via the trial fishing is determined based on the results of the monitoring surveys. The first trial fishing area was opened on June 18, 2012, and five other areas were opened sequentially thereafter ( Figure 1 ; Table 1 ).
Data set used for analysis.-Off Fukushima, 82.9% of the Sea Raven landings from 2000 to 2010 were caught by coastal gill-net fishing and offshore bottom trawl fishing. The waters off Fukushima were divided into coastal and offshore areas based on the operated depths of gill-net fishing and bottom trawl fishing. The location of each depth observation (Appendix, Figure A .1) was obtained from daily fishing logbooks. Some outliers or typographical errors were included in the logbooks; therefore, we removed the upper and lower 2.5th percentiles of the observed depth. The shallowest and greatest depths were calculated as 9.0 and 69.0 m for gill-net fishing and as 87.0 and 576.0 m for bottom trawl fishing. The average of the deepest observed gill net and the shallowest observed bottom trawl ([69.0 C 87.0]/2 D 78.0 m) was adopted as the boundary between gill-net and bottom trawl fishing areas. Here, we refer to areas shallower than 78.0-m depth as coastal areas, and we refer to waters deeper than 78.0 m as offshore areas. The fishing logbooks were recorded by a chief fisherman on each vessel and included data on fishing dates, depth, longitude, latitude, net deployment and net hauling times for each fishing operation, gill-net length and mesh size (for gill-net fishing), and maximum catch (nearest 0.1 kg) of 15 species for each operation. The number of vessels that cooperated to record the fishing logbooks differed among years. On average, 48 gill-net vessels (range D 44-52) and 11 bottom trawl vessels (range D 10-12) per year cooperated to record the logbook data during 2000-2010. The total number of registered vessels in Fukushima Prefecture was approximately 600 for gill-net fishing and approximately 40 for bottom trawl fishing, thus indicating that the cooperating vessels constituted 8.0% of all gill-net vessels and 27.5% of all bottom trawl vessels. Since the FDNPP accident, all bottom trawl vessels participating in the trial fishing operations have been recording logbook data. However, no data were available for gill-net fishing after the accident because there were no trial gill-net fishing operations for demersal fishes as of December 2014.
The tonnage of bottom trawl fishing vessels ranged from 17.0 to 47.6 metric tons, and the engine power of those vessels ranged from 502 to 670 kW. The reported cod-end mesh size used on the bottom trawl nets ranged from 5.0 to 9.0 cm, and the headrope length ranged from 28.3 to 37.4 m (Hirata 2000; Inoue and Honda 2002) . Two types of otter boards were used: monoplane and biplane. The tonnage of gill-net fishing vessels ranged from 1.30 to 6.98 metric tons, and engine power ranged from 281 to 540 kW. The gill-net mesh size ranged from 9.59 to 16.7 cm, but the mean gill-net mesh size did not affect the monthly gill-net fishing CPUE ( Figure A .2). Because there was little difference between observed and unobserved vessels, the vessels that cooperated to record the fishing logbooks were assumed to be representative of all gillnet and bottom trawl fishing vessels.
Monthly Sea Raven catch (C; metric tons/month) for all gill-net fishing and bottom trawl fishing from January 2000 to SEA RAVEN SURPLUS PRODUCTION MODEL March 2011 was obtained from the annual report of fishery statistics in Fukushima (Fishery Office of the Fukushima Prefectural Government 2013). We obtained the logbook-recorded catch from the trial bottom trawl fishing that was conducted in September and October 2012. Effort from trial bottom trawling was obtained for June and September-December 2012. From 2000 to 2010, average catch per month was 1,020 kg (CV D 0.83) for gill-net fishing and 2,770 kg (CV D 0.98) for bottom trawl fishing. Total gill-net length per month and total bottom trawl towing hours per month as calculated from the fishing logbooks were used as the effort values (E). In other words, each monthly value of E was calculated from 8.0% of the gill-net vessels and 27.5% of the bottom trawl vessels, whereas data on monthly catch was from all of the vessels.
The total gill-net length or total bottom trawl towing hours were summed for each month. Because the unit of effort differed and data were obtained from different fishing gears, we transformed the monthly effort to values from zero to 1.0 by dividing by the monthly maximum effort values for 2000-2009 as follows:
where s represents the shallow coastal fishing area (<78.0 m) for gill-net fishing and d represents the deep offshore area (78.0 m) for bottom trawl fishing. From the distribution of operated depth, we assumed that gill-net fishing was not carried out in the offshore fishing area and likewise that bottom trawl fishing did not occur in the coastal fishing area ( 
There was no effort in July and August for bottom trawl fishing, which was prohibited during those months. Records for depths greater than 314 m were excluded from the calculation because 314 m is the recorded deepest depth of the Sea Raven catch off Fukushima. Population model.-We developed a surplus production model that included a monthly rate of Sea Raven movement, X m (¡1 X m 1), between the two fishing areas, 
The variance (s 2 ) was assumed to be different for each gear (s 2 s and s
Parameter estimation.-The parameters were estimated by using the Markov chain-Monte Carlo method under the framework of Bayesian estimation. The software R version 3.1.0 (R Development Core Team 2014), the R package R2WinBUGS (Sturtz et al. 2005) , and the Gibbs sampling program Win-BUGS (Spiegelhalter et al. 2003) were used to estimate posterior distributions. The first 500,000 samples were not used due to the potential for them to be affected by initial values that were randomly selected from their prior distributions. The last 1,000,000 samples were used to obtain posterior distributions. Some parameters were sampled in the logarithmic scale to avoid cancellation of significant digits or to increase the efficiency of searching. 
In this case, the CPUEs from 2000 to 2009 were used to estimate the parameters. The developed model was evaluated by applying it to predict biomass before the nuclear disaster at FDNPP (January 2010-March 2011) and biomass after the disaster (September-October 2012).
Model evaluation and prediction of future biomass.-By using estimated posterior distributions, we predicted future biomass of Sea Ravens from 2010 to 2015 under two scenarios. In scenario 1, the observed effort for each gear was continued at the same level as 2010. In scenario 2, the observed effort for each gear after the FDNPP accident was used (i.e., only the effort from the trial bottom trawl operation). In scenario 2, the predicted and observed CPUEs before the nuclear disaster (January 2010-March 2011) and after the disaster (SeptemberOctober 2012) were compared to evaluate the predictive performance of the model. We randomly selected samples of each parameter from the posterior distributions, and future biomass from 2010 to 2015 was then predicted for each scenario. We repeated this prediction 10,000 times to calculate the median and 95% credible intervals for predicted biomass. Although the developed model was able to estimate CPUE in the defined offshore area (q d B d [t]), it was unable to estimate the CPUE for the trial bottom trawl fishing area during 2012. Therefore, a corrected value of predicted biomass in the area deeper than 150 m was needed to compare the predicted and observed CPUEs from trial bottom trawl fishing. To correct the predicted biomass, we calculated a correction factor (CF) by using the monthly CPUEs from the daily bottom trawl fishing logbooks for 2000-2010. Generally, the CF provides good correction when CPUE is proportional to biomass, 
where y represents the year (y D 2000, . . . , 2010); I d,m,z is the CPUE of bottom trawl fishing that occurred deeper than depth z during month m; and I d,m is the bottom trawl fishing CPUE calculated from all depth ranges greater than 78.0 m. This equation shows the ratio of CPUE equal to that of biomass. Therefore, CF m,z is the ratio of biomass in the area deeper than 78.0 m and depth z during month m. The 95% confidence interval of CF m,z was calculated by the bootstrap method. We randomly chose 11 years from 2000 to 2010 (with replacement) and calculated CF h m;z by using the hth bootstrap sample. This step was repeated 1,000 times (i.e., h D 1, . . . , 1,000), and the confidence interval of CF m,z was calculated.
For the evaluation step, mean CF m,150 was multiplied by the corresponding monthly predicted biomass. The corrected predicted biomass in the area deeper than 150 m (B d [t]CF m,150 ) was then obtained and used to predict CPUE for September and October 2012. The value of CF m,z was also used to examine the effect of a simulated MPA (see below).
Estimating the optimum fishing effort.-Two different simulations were carried out to estimate the optimum levels of effort for gill-net fishing and bottom trawl fishing and to show the effects of an MPA. The period of simulations was set at 100 years, which was long enough to confirm whether predicted catch and biomass (see equations 13-17 and equation 20 below) decreased if effort was too high. For simplicity, effort for each gear type was fixed through time (i.e., E
, and the estimated median values of the parameters were used in calculations.
First, we simulated future biomass to investigate the optimal fishing effort for maximizing total catch by varying the levels of gill-net fishing effort and bottom trawl fishing effort from 0 to 1. We calculated a predicted total catch for 100 years (TC) and the predicted biomass 100 years later (PB) as
PB s D 1 12
where t D 133 represents January 2011; t D 1321 represents January 2111; and t D 1332 represents December 2111. The mean gill-net fishing effort (ME 0 s ) and the mean bottom trawl fishing effort (ME 0 d ) before the nuclear disaster were calculated as follows:
The gill-net effort and bottom trawl effort that maximized the value of TC s C TC d were defined as the optimal effort levels, and the ME 0 values before the disaster were compared.
SEA RAVEN SURPLUS PRODUCTION MODEL
Estimating the effects of a simulated marine protected area.-We also calculated the total catch and biomass by varying the boundary depth and E 0 d t ð Þ. The boundary depth determines the area where trial bottom trawl fishing can occur. In other words, a change in the boundary depth is equivalent to a change in the size of an MPA. We used the mean CF m,z to simulate the trial fishing catch in the area deeper than the boundary depth z as
where B d (t)CF m,z is the corrected biomass in the area deeper than depth z (i.e., biomass outside of the MPA) and C d,z is the expected catch for bottom trawl fishing conducted in that area. In this simulation, the range of E 0 d t ð Þ was set at 0 to 5, and the boundary depth was set at 78.0 to 180 m. The gill-net fishing effort was set at zero through time. We calculated the total catch in the area deeper than the boundary depth z (TC d,z ) by using C d,z as follows:
RESULTS
The natural logarithms of estimated monthly CPUEs for both gill-net fishing and bottom trawl fishing are shown in Figure 2a and 2b , respectively. Almost all of the observed CPUEs for gill-net fishing (93.3%) and bottom trawl fishing (97.0%) were included within the 95% credible intervals of the estimated CPUEs. The estimated cyclic variation in CPUE was consistent with the cyclic variation in estimated Sea Raven biomass. The medians of the posterior distribution of biomass at each time point changed cyclically between the coastal and offshore areas (Figure 3 ). When biomass in the offshore area was high, biomass in the coastal area was low (e.g., in September) and vice versa (e.g., in December).
Monthly movement rates (Figure 4 ) reflected the spatiotemporal variation in Sea Raven biomass between the coastal and offshore areas. The estimated posterior distributions of movement rate showed that Sea Ravens stayed in the coastal area from approximately January through April (Figure 4) . The fish then started to move from the coastal area to the offshore area from May to August. In September, Sea Ravens began to move back into the coastal area from the offshore Table 2 .
The median of the average yearly biomass (i.e., the mean monthly biomass from January to December) calculated for scenario 1 was smaller than that for scenario 2 in both the coastal area and the offshore area ( Figure 6 ). This result indicates that Sea Raven biomass will increase in the no-take area and in the trial fishing area off Fukushima if fishing effort only occurs at the trial levels.
Almost all of the observed monthly CPUEs for gill-net fishing (86.7%) and bottom trawl fishing (73.3%) were included in the 95% credible intervals of predicted CPUEs (Figure 7 ). During 2012, catch of Sea Ravens was only recorded in September and October, consistent with the result that the fish were mainly distributed in the offshore area during those months (Figure 3 ).
Estimated Optimum Fishing Effort to Maximize the Total Catch
The sum of TC s and TC d was maximized at 8,090 metric tons when E 0 s t ð Þ was 0.20 and when E 0 d t ð Þ was 1.00 ( Figure 8a ). The calculated ME 0 s and ME 0 d were 0.79 and 0.59, respectively, with a summed TC of 904 metric tons. This indicates that the mean gill-net fishing effort was too high and that 7,186 metric tons would be lost during this period. The sum of PB s and PB d was (Figure 8b ). Sea Raven catch and biomass both increased under the optimized levels of gillnet and bottom trawl fishing effort compared with the mean fishing effort levels that were observed before the disaster.
Effects of the Boundary Depth on Total Catch and Biomass
The calculated mean CF m,z is shown in Figure 9 , and the confidence intervals of mean CF m,z as calculated by the bootstrap method are presented in Figure A 
DISCUSSION

Waters off Fukushima as an Effective Marine Protected Area
We demonstrated that spatiotemporal changes in Sea Raven biomass caused by seasonal movements and different fishing pressures between the two areas can be estimated using the developed surplus production model. In addition, biomass after the FDNPP accident can be predicted with this model. The results suggest that the predicted Sea Raven biomass in the coastal and offshore areas increased when fishing effort remained at levels occurring since the FDNPP accident (Figure 6) . Moreover, the high predictive ability of the model was demonstrated by the fact that almost all of the observed CPUE values were within the 95% confidence intervals of the predicted CPUEs (Figure 7) . 
332
Results showed that the sum of PB s and PB d was larger than the mean biomass before the disaster when E 0 d t ð Þ was set at 1.0 and when boundary depth was set at 78.0 m (Figure 10 ). This finding indicates that Sea Raven biomass will increase and that the waters off Fukushima can serve as an effective MPA for Sea Ravens even if the bottom trawl fishing area and effort are completely restored.
A recent study proposed five key features of a successful MPA: no take, well enforced, old (>10 years), large size (>100 km 2 ), and isolated from fishing areas by deep water or sand (Edgar et al. 2014 ). Under its current status, the Fukushima coast has at least two of those key features (well enforced and large), and the coastal area is a no-take zone. Our present results support the area's potential to be a successful MPA. The mean CPUE of exploited species from the trial fishing in 2012 was about three times the mean CPUE per year from 2007 to 2009 (Yamada et al. 2014) , indicating that the effective MPA has not only influenced Sea Raven biomass but also the biomass levels of other commercial species.
General Applications of the Model
The model developed here is not limited to biomass estimation between a no-take area and a fishing area; it is also useful for estimating optimal fishing pressure under a stock management strategy by varying the gear-specific effort levels, as we have shown. By applying our model to other exploited species, we could simulate various fishery management strategy scenarios. For example, the model may be applicable in estimating biomass and optimal fishing pressure in cases where the seasonal migration of a stock occurs inside and outside of the exclusive economic zone. Furthermore, our model will be useful in evaluating the effect of an MPA on catch and biomass before MPA establishment if data on CPUEs at the candidate site and surrounding fishing areas are available. In fact, we used our model to show the expected catch and biomass in a simulated MPA (Figure 10) . However, at least a one-dimensional relative spatial distribution of the target species is needed to estimate the FIGURE 8. Sum of (a) the predicted total Sea Raven catch (metric tons) for 100 years of gill-net fishing (TC s ) and bottom trawl fishing (TC d ) and (b) the predicted Sea Raven biomass (metric tons) 100 years later (2111) in the coastal area (PB s ) and offshore area (PB d ) off Fukushima, Japan. The x-and yaxes show the gill-net fishing effort (E SEA RAVEN SURPLUS PRODUCTION MODEL 333 effect of different MPA sizes. Although we used a CF to obtain the relative spatial distribution of Sea Ravens (Figure 9) 
Required Data and Model Assumptions
The model we developed is applicable to species that move between two areas if spatiotemporal CPUEs are available from both areas. Although we used monthly CPUEs, the temporal and spatial scales can be changed to match a migrating type of target species.
The efficiencies of gill-net fishing and bottom trawl fishing were estimated from the developed model. Some researchers may standardize CPUEs so as to estimate the difference in efficiency between gill-net and bottom trawl fishing with a GLM. Estimated efficiencies from GLMs are usually relative efficiencies among gears (e.g., Campbell 2004) ; however, our model gave estimates of absolute efficiency when the unit of effort and biomass was given. Moreover, although both types of model can estimate the effect of gear on CPUE, the present model was able to estimate the incremental effect of gill-net fishing effort on the CPUE of bottom trawl fishing and vice versa. In terms of effort control for stock management, the model we developed is useful.
We used separate values of K for the coastal area and the offshore area because coastal waters usually display higher productivity than offshore waters. Moreover, the two study areas differed in size. If there are no environmental differences between two areas, setting a single K-value in the model and allocating it to the areas based on the ratio of their sizes might be useful for reducing the number of parameters.
The posterior distribution of K had longer tails than the distributions of the other parameters ( Figure 5 ). In a previous study, Hilborn and Walters (1992) reported that a CPUE determined under conditions of high biomass and low fishing effort is necessary for the estimation of K. However, the mean gillnet fishing effort before the FDNPP disaster was more than four times the optimal effort. This might explain why the posterior distribution of K had long tails.
Although conventional tagging data have been widely used to examine population size and mortality, exploitation, growth, and movement rates in fisheries (Kurota et al. 2009 ), two assumptions must be met: (1) the reporting rate must be known and (2) fish behavior must not be impacted by tagging (Sibert et al. 1999; Pine et al. 2003) . Our study suggests that given a sufficient contrast in CPUE between two areas, tagging is not required to estimate biomass, fishing efficiency, growth, movement rate, and K. Eliminating the need for tagging data is one advantage of the present model, which is easily implemented for new data sets. 
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Conclusions
Our model predicted that Sea Raven biomass off Fukushima will increase in the future if fishing effort is kept at trial levels. The results revealed that the waters off Fukushima have effectively acted as an MPA since the FDNPP accident. This model will also be useful for other studies of migrating species-for example, to estimate the optimal fishing pressure for a stock that migrates seasonally within and outside of the exclusive economic zone or to evaluate effects on biomass at a candidate site before its establishment as a new MPA.
